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Introduction
Many cell surface receptors and their binding partners are organized into submicron-or micronsized clusters on the cell membrane (1-4). Some of these clusters form through twodimensional phase-separation driven by multivalent interactions between proteins containing multiple binding elements (5) (6) (7) (8) . This phenomenon is observed at the immunological synapse (IS), the interface of the T cell with an antigen presenting cell, which forms during T cell activation. There, the transmembrane adaptor protein LAT (linker for activation of T cells) and its intracellular binding partners Grb2, Sos1, SLP-76, Nck, and WASP, coalesce into phaseseparated clusters at the membrane (7) . The clusters that form in the distal supramolecular activating cluster (dSMAC) at the edge of the IS move radially through the peripheral SMAC (pSMAC) to the central SMAC (cSMAC) at the center of the IS. This movement is essential for proper T cell response to antigen presenting cells (9) (10) (11) (12) .
Translocation of LAT clusters from the dSMAC to the cSMAC is driven by motion of the actin cytoskeleton (13) (14) (15) (16) . Recent work has shown that two actin networks are generated at the IS in activated T cells (17, 18) . In the outer ~1/3 of the synapse, the Arp2/3 complex generates a dendritic actin meshwork, where the filaments are on average directed radially, perpendicular to the synapse edge. In the medial region closer to the cSMAC, this meshwork is largely replaced by formin-generated contractile actin arcs that are directed parallel to the synapse edge ( Fig.   S1 ) (17, 19) . Both filament networks move through the action of myosin motors as the cell-cell conjugate matures; however, the nature of this movement is different in the two cases. The dendritic network moves in a direction perpendicular to the edge of the synapse in a process termed retrograde flow (13) (14) (15) (16) , analogous to actin flow observed at the leading edge of migrating cells (20, 21) . In contrast, the contractile arcs sweep toward the center of the synapse in a telescoping manner and appear to have components of motion both perpendicular and parallel to the synapse edge (18) .
It has remained unknown how LAT clusters engage actin to move across the synapse, and additionally, how clusters can move in a continuous radial direction through the action of two actin networks moving in different directions. To address these questions, we analyzed the interactions between LAT clusters and actin in cells and in reconstituted biochemical systems using quantitative microscopy and statistical analyses. These studies revealed that the phase separated LAT clusters recruit weak binders of actin filaments, Nck and N-WASP, thereby allowing the clusters to stably associate with actin filaments. By modulating the concentration of Nck, these clusters have different modes of engaging actin networks, and that switching between modes likely enables clusters to move radially through the action of two different actin networks at the IS.
LAT cluster composition changes as clusters traverse the IS
To investigate the composition of LAT clusters as they move across the plasma membrane in live, activated Jurkat T cells, we co-expressed LAT-mCitrine with Grb2-mCherry or LATmCherry with Nck-sfGFP. These cells bound to and spread on planar lipid bilayers coated with mobile ICAM-1 and an antibody to CD3, OKT3, producing an IS mimic with the bilayer. We used total internal reflection fluorescence (TIRF) microscopy to capture images of activated cells every 5 seconds for up to 5 minutes. We then automatically detected and tracked clusters containing LAT from their formation in the periphery of the IS to their coalescence with the cSMAC (using u-track; (22) ), monitoring the fluorescence intensity of LAT and Grb2 or Nck in the clusters. Grb2 co-localized with LAT clusters at the edge of the synapse (Fig. 1A , movie S1) and its fluorescence intensity in the clusters was maintained throughout the trajectory to the center of the synapse (Fig. 1B, C) . Nck also co-localized with LAT clusters at the edge of the synapse (Fig. 1D, movie S2 ). However, in contrast to Grb2, Nck fluorescence diminished relative to LAT during the trajectory. This intensity decrease began at 0.6-0.7 of the distance from the center of the synapse to the synapse edge (referred to hereafter as "normalized radial position," equal to zero at the synapse center and 1 at the synapse edge; see Supplemental Methods) (Fig. 1C, E) . The emergence of this pattern from averaging 207 tracks suggests that spatial position is a key determinant of Nck residence in LAT clusters. In contrast, when the clusters were aligned according to their appearance time (Fig. S2) , Nck intensity steadily decreased over the course of the trajectory across the IS without any characteristic start time (beyond t = 0). This suggests that in this experimental setting, position plays a more instructive role than time in determining the residence of Nck in clusters. However, since time and space are coupled, our data do not rule out a role for time in this process, as has previously been observed in experimental conditions where LAT clusters were immobilized (23) .
The normalized radial position at which LAT clusters started to lose Nck roughly coincided with the region where the actin network has been reported to switch from dendritic architecture to arc architecture (17) (18) (19) . Nck binds directly to WASP-family proteins, which in turn have been reported to bind actin filament barbed ends through their WH2 domains (24, 25) . Since the loss of Nck occurred shortly before the reported change in actin network architecture, we hypothesized that the change in LAT cluster composition might allow the clusters to interact differently with the two actin networks that they encounter while traversing the IS.
Composition regulates the interaction of LAT clusters with actin networks
To test our hypothesis that the composition of phase-separated LAT clusters alters their ability to interact with actin filaments, we biochemically reconstituted clusters of various compositions on planar lipid bilayers coated with actin filaments (Fig. 2A) . We attached polyhistidine-tagged phospho-LAT (pLAT) and polyhistidine-tagged actin-binding domain of ezrin (eABD) to Ni-NTA functionalized lipids within the bilayer. For experiments involving actin, we added polymerized actin filaments that bound to the bilayer via the eABD. To induce actin filament movement we added muscle myosin II and ATP, as previously described (26) . Finally, we induced LAT cluster formation by adding an increasing subset of binding partners, in the order Grb2, Sos1, phospho-SLP-76 (pSLP-76), Nck, and, finally, N-WASP, as previously described (7). Hereafter we use the nomenclature pLAT X to indicate clusters containing pLAT and all binding partners up to X (e.g. if X is Nck, then the clusters would contain pLAT, Grb2, Sos1, pSLP-76 and Nck). We induced cluster formation without actin, with actin alone, or with active actomyosin networks ( Fig   2B, movies S3 , S4, and S5). We immediately observed that clusters containing Nck or Nck and N-WASP associated with and wet actin filaments in both actin networks alone and actomyosin networks, while clusters lacking these proteins remained distributed across the bilayer ( Fig 2B) .
As a corollary, co-localization analysis showed that actin is more strongly enriched in clusters that contain Nck and N-WASP than in clusters lacking these proteins ( Fig 2C) .
In all conditions we automatically detected clusters and tracked their movement on the bilayer for 15 minutes and classified cluster movement using Moment Scaling Spectrum analysis of cluster displacements ( (22, 27, 28) ; see Supplemental Methods). This analysis revealed that LAT clusters were either immobile, confined (i.e. moved within a confinement region), or mobile (i.e. moved without apparent restrictions, in a manner akin to free diffusion). When clusters were formed on bilayers without actin, 80% of clusters showed little movement; they were either immobile or confined, in an area of radius 100-150 nm (Fig 2D, E , movie S3). Cluster mobility was similar for all compositions. When LAT clusters were formed within actin networks in the absence of myosin, cluster movement varied with composition. pLAT Sos1 and pLAT pSLP76 clusters showed an increase in apparent diffusion coefficient, fraction of mobile clusters, and/or confinement radius ( Fig. 2D , E, movie S4), while pLAT N-WASP clusters had a tendency to align with actin filaments and showed a decrease in the fraction of mobile clusters and confinement radius ( To further investigate the ability of clusters to move with actin filaments, we performed experiments where a membrane-associated actin network was induced to contract into asters by addition of myosin II filaments in the presence of low concentrations of salt and ATP (see Supplemental Methods). These actomyosin contraction experiments were performed with pLAT Sos1 and pLAT N-WASP clusters. Initially, pLAT Sos1 clusters were randomly distributed on the membrane while pLAT N-WASP clusters were aligned along the actin filaments as observed above (Fig. 3A) . In both cases the filament network started to contract instantly upon myosin II addition, and formed stable asters within 2 minutes (movie S6). As shown in Figure 3A , at the end of the contraction most of the pLAT Sos1 clusters remained scattered across the bilayer, while virtually all of the pLAT N-WASP clusters had moved with the actin into asters. To quantify these behaviors, we examined the speed and direction of both cluster movement and actin movement during actomyosin network contraction using SpatioTemporal Image Correlation Spectroscopy (STICS) (29) (Fig. 3B ). We found that the speed of pLAT Sos1 clusters was largely independent of the speed of actin, while the speed of pLAT N-WASP clusters correlated well with the speed of actin (Fig. 3C) . Additionally, the distribution of angles between the vectors of pLAT N-WASP cluster movement and proximal actin movement showed clear preference for smaller angles, indicating a high degree of comovement. In contrast, the angle distribution for pLAT Sos1 clusters showed only a slight preference for smaller angles that was marginally significant (Fig. 3D) . Together, the steady state ( Fig. 2) and contraction ( Fig. 3 ) experiments and analyses show that LAT clusters are influenced by actin network dynamics in a composition-dependent fashion. Clusters containing Nck or N-WASP bind to and move with actomyosin filaments. In contrast, clusters lacking these proteins do not bind filaments appreciably, and are likely moved by non-specific steric contacts.
Thus, Nck and N-WASP function as molecular clutches between LAT clusters and actin.
Basic regions of Nck and N-WASP couple LAT clusters to actin filaments
The data above suggest that Nck and N-WASP mediate binding of clusters to actin filaments.
To test this, we quantified the recruitment of preformed actin filaments to lipid bilayers by pLAT clusters of different compositions in the absence of eABD. As shown in Figure 4A , only clusters containing Nck or Nck and N-WASP recruited substantial amounts of actin filaments. In both cases, clusters were deformed and elongated along filaments, as observed above.
We next performed co-sedimentation assays to determine whether Nck or N-WASP could bind actin filaments in solution or whether efficient binding required the proteins to be arrayed on a two-dimensional surface. Nck did not appreciably co-sediment with actin filaments. Consistent with previous reports, N-WASP did bind filaments (24), although not to the same degree as α -actinin, a high-affinity actin filament-binding protein (Fig. S3) . To identify the elements of Nck that mediate pLAT cluster binding to actin filaments, we attached polyhistidine-tagged fragments of Nck to planar lipid bilayers and measured their ability to recruit actin filaments from solution.
Nck is composed of three SH3 domains and an SH2 domain, connected by flexible linkers of 25-42 residues (30) . Of these seven elements, two contain dense basic patches, one contains dense acidic patches, and the remainder are relatively free of dense charge patches. As detailed in Figure S4 , Nck fragments containing an excess of basic elements recruited actin to the membrane, where greater excess resulted in more efficient recruitment, while neutral or acidic fragments did not. Similarly, mutating one of the basic elements (the linker between the first and second SH3 domains, L1) to neutralize it (Nck Neutral ) or to make it acidic (Nck Acidic )
greatly impaired actin recruitment, while making it more basic (Nck Basic ) enhanced actin recruitment (Fig. 4B, S5 ). These data indicate that basic regions of Nck likely contribute to binding of phase-separated LAT clusters to actin filaments.
Like Nck, N-WASP also has a central basic region (residues 186-200). We thus asked whether this region and/or the two C-terminal WH2 motifs contribute to coupling of clusters to actin filaments (24) . We generated pLAT N-WASP clusters with N-WASP fragments consisting of the basic-proline elements (BP), basic-proline + VCA (BPVCA) elements, and basic-proline + VCA mut (BPVCA mut ), which contains mutations to the WH2 motifs in the VCA region that impair filament binding (24) . All three cluster types strongly recruited actin, indicating that WH2-actin interactions are not needed for actin recruitment in the context of LAT clusters (Fig. S6) . To further examine the basic region, we generated three variants of These data, plus our cellular observation that Nck (and presumably its ligand, WASP, the dominant N-WASP homolog in T cells) dissociates from LAT clusters near the change in actin architecture, suggest a mechanism by which LAT clusters can be moved radially through the action of two actin networks at the IS. In the outer region of the IS, where the clusters contain Nck and WASP, strong adhesion between the clusters and actin filaments enables the clusters to move radially with actin retrograde flow. Release of Nck and WASP from the clusters near the switch to actomyosin arcs changes their interaction with filaments to a potentially non-specific, steric mode. This enables clusters to be swept toward the center of the synapse by the radial component of movement of the contractile actin arcs, with which they are expected to undergo repeated short, non-specific interactions, without being moved circularly by the telescoping action of the arcs (as would be the case for strong binding to actin filaments).
Constitutive engagement between LAT clusters and actin leads to aberrant cluster movement across the IS
To test this model we sought to alter the adhesion of pLAT clusters to the actin filament network by fusing Grb2, which remains in LAT clusters throughout their trajectories (Fig. 1A-C) , with the doubled basic region of N-WASP (Grb2 Basic ). We reasoned that this would generate LAT clusters that bind actin filaments in the absence of Nck or WASP (i.e. clusters that have a constitutive clutch), perturbing their radial movement in the medial region of the IS where they encounter actin arcs. In biochemical assays, membrane-bound pLAT-Grb2 basic complex recruited actin filaments, while pLAT alone or the pLAT-Grb2 WT complex did not (Fig. 5A) . In actomyosin contraction assays, clusters of pLAT/Grb2 Basic /Sos1 initially wet filaments and then localized to actin asters after myosin II-induced contraction to a greater degree than pLAT/Grb2 WT /Sos1 clusters, but to a lesser degree than pLAT N-WASP clusters (Fig. 5B , movie S8 vs. movie S6). Similarly, during actomyosin network contraction the movement of pLAT/Grb2 Basic /Sos1 clusters was correlated more strongly with actin movement than clusters containing Grb2 WT (Fig. S8 ), but less strongly than pLAT N-WASP clusters (Fig. 3C, D) .
Together, these data demonstrate that the double basic motif of N-WASP, when added to Grb2, can act as a molecular clutch coupling clusters to actin.
We next asked whether expression of Grb2 Basic in Jurkat T cells would cause changes in the trajectory of LAT clusters at the IS. Cells expressing Grb2 Basic -mCherry were activated on bilayers as above. Similar to cells expressing Grb2 WT -mCherry, LAT clusters formed at the periphery of the IS and retained Grb2 Basic -mCherry throughout their trajectories to the cSMAC (Fig. 5C ). However, in these cells clusters deviated from a straight trajectory to the center of the synapse significantly more frequently than in cells expressing Grb2 WT -mCherry (Fig. 5D , E, movie S9 vs. S1). This behavior is consistent with abnormally high adhesion of clusters containing Grb2 Basic to actin filaments, even after Nck has presumably dissipated, leading to trajectories that reflected the telescoping, circular component of motion of the contractile actin arcs.
Formin activity is necessary for LAT cluster composition change
Finally, we asked whether the transition from the dendritic actin architecture to the contractile arc architecture might play a role in changing the composition of LAT clusters near this location in the IS. Previous data showed that the contractile arcs are generated by the formin mDia1 and could be eliminated by cell treatment with the formin inhibitor, SMIFH2 (18) . We found that in contrast to control cells treated with DMSO, where Nck dissipated normally from LAT clusters ( Fig. 6A and B, Fig. S9 , movie S11), cells treated with SMIFH2 for five minutes prior to imaging displayed LAT clusters with virtually constant Nck intensities throughout their trajectories from the periphery to the cSMAC ( Fig. 6A and C, Fig. S9 , movie S12). Thus, the activity of formin proteins, and perhaps the actin arcs that they generate, act to alter the composition of LAT clusters, likely altering their downstream signaling activities in the central region of the IS. We note that the SMIFH2 data further support the notion that in unperturbed cells, space, rather than time, is the key determinant of Nck residence in clusters (assuming that formin does not also create a temporal signal). Our combined data suggest that the two actin networks in activated Jurkat T cells not only spatially organize the immunological synapse by moving LAT clusters, but may also contribute to creation of specific signaling zones. 
Discussion

